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a-quinonyl-a-hydroxy/amino acid
esters through the redox chain reaction

Yu-Meng Ye a and Zhi Li *ab

Although quinones, a-hydroxy acids and a-amino acids are all widely used organic compounds in

numerous fields, compounds based on the combination of these motifs were underexplored. In this

study, the direct hydroxyalkylation of quinones with glyoxylates was developed through a redox chain

reaction using SnCl2 as the reductive initiator and catalyst, and AlCl3 as the co-catalyst. Various a-

quinonyl-a-hydroxyacetyl esters were obtained under mild conditions in up to 81% yield within a few

hours. Substrates with different ester groups were accessed through in situ oxidation of corresponding

tartrates to glyoxylates by PIDA. Moreover, aminoalkylation of quinones was achieved by the

multicomponent reaction of quinones, glyoxylates and amides, affording a series of a-quinonyl-a-

aminoacetyl esters in up to 80% yield. The products were easily converted to unnatural amino acids, aryl

azo compounds and peptides as demonstrations of their wide potential applications.
Introduction

a-Hydroxy1–4 and a-amino5–9 acids are widespread motifs in
biological and pharmaceutical molecules (Scheme 1a). Arti-
cially synthesized unnatural amino acids potentially provide
distinctive functions beyond existing natural amino acids for
biology and chemistry.10,11 Despite signicant research progress
in this eld, reports on quinone-substituted amino acid deriv-
atives are limited.12–14 Based on their redox properties, quinones
could serve as mediators for cellular electron transfer
processes.15–20 Quinones are also a very versatile platform for
further functionalization and conjugation with other mole-
cules. Introducing quinones into the side chain of amino acids
may provide new functional unnatural amino acids and related
materials. In recent years, structural modications of quinones
have signicantly advanced.17,21–24 Among all the existing
protocols, our group made the original contributions of a uni-
que and efficient strategy for direct quinone functionalization
with various sp3 electrophiles, the redox chain reaction (Scheme
1b).25–28 With this new strategy, quinones can be functionalized
in one step, bypassing the traditional reduction–functionaliza-
tion–oxidation sequence. Herein, we report that many densely
functionalized a-quinonyl-a-hydroxy and amino acetyl esters
(QHAE and QAAE) are constructed by the redox chain reaction
of quinones with glyoxylates29,30 and their imines as uncharted
sp2 electrophiles, using SnCl2 as both the reductive initiator and
gy, ShanghaiTech University, Shanghai

.edu.cn

l Materials and Devices, ShanghaiTech

–20569
the main Lewis acid catalyst, along with AlCl3 as a Lewis acid co-
catalyst (Scheme 1c).31
Results and discussion

To investigate the conditions, 2,6-dimethylquinone 1a and ethyl
glyoxylate 2 were chosen as the model substrates. The initial
investigation used Hantzsch ester (HE) as the reductive initi-
ator, and different Lewis acids was conducted at 30 °C in 1,2-
dichloroethane (DCE) (Table 1, Entries 1–6). The combination
Scheme 1 a-Hydroxy and amino acid motifs.
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Table 1 Optimization of the reaction conditionsa

Entry x RI/(mol%) T/°C LA/(mol%) Yield (%)

1 1.5 HE (10) 30 Hf(OTf)4 (5) 63
2 1.5 HE (10) 30 Yb(OTf)3 (5) 0
3 1.5 HE (10) 30 Sc(OTf)3 (5) 0
4 1.5 HE (10) 30 HfCl4 (5) 0
5 1.5 HE (10) 30 ZrCl4 (5) 0
6 1.5 HE (10) 30 AlCl3 (5) 2
7 1.5 SnCl2 (5) 30 — 78
8 1.5 CuCl (5) 30 — 0
9 1.5 FeCl2 (5) 30 — 0
10 1.5 SnCl2 (10) 30 — 73
11 1.5 SnCl2 (5) 30 SnCl4 (5) 73
12 1.5 SnCl2 (5) 30 FeCl3 (5) 69
13 1.5 SnCl2 (5) 30 AlBr3 (5) 80
14 1.5 SnCl2 (5) 30 AlCl3 (5) 97
15 1.0 SnCl2 (5) 30 AlCl3 (5) 75
16 2.0 SnCl2 (5) 30 AlCl3 (5) 98
17 1.5 SnCl2 (5) 0 AlCl3 (5) 8
18 1.5 SnCl2 (5) 60 AlCl3 (5) 85

a Conditions: 2 (0.1 mmol, 1.0 equiv.) was added to a mixture of 1a (1.5
equiv.), initiator and Lewis acid in 0.5 mL DCE that was pre-stirred for
10 min, stirred for 3 h, and then quenched by using MnO2. Yields were
determined by 1H NMR using 1,1,2,2-tetrachloroethane as the internal
standard.

Scheme 2 Product scope for QHAEs. aReactions were performed on
a 0.20 mmol scale in 1.0 mL DCE. Isolated yields were reported.

Table 2 Screening of the oxidantsa

Entry Oxidant Yield (%)

1 0.5 equiv. H5IO6 0
2 0.5 equiv. NaIO4 0
3 2.0 equiv. quinone 1a 0
4 0.5 equiv. PIDA 29
5 1.0 equiv. PIDA 97
6 2.0 equiv. PIDA 0
7b 0.50 equiv. PIDA 0

a Unless otherwise noted, 0.1 mmol 4a (1.0 equiv.) was mixed with the
oxidant in 0.5 mL DCE for 1 h, then added to a solution of 0.3 mmol
1a (1.5 equiv.), 0.01 mmol SnCl2 (5 mol%) and AlCl3 (5 mol%) in 0.5
mL DCE, stirred for 3 h, and then quenched by using MnO2. Yields
were determined by 1H NMR using 1,1,2,2-tetrachloroethane as the
internal standard. PIDA = phenyliodine diacetate. b PIDA, 1a, 4a,
SnCl2 and AlCl3 were all mixed in 1.0 mL DCE.
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of HE and Hf(OTf)4 could not provide higher than 63% QHAE
product 3a, likely because of the basicity of the HE oxidation
product. Reductive Lewis acids were then considered to replace
both HE and Hf(OTf)4 (Table 1, Entries 7–10). Using 5 mol%
SnCl2, the reaction afforded 78% yield of 3a, which was not
improved when doubling the amount of SnCl2. Attempts were
made using other Lewis acids to improve the reaction efficiency
(Table 1, Entries 11–14), and up to 97% NMR yield was achieved
in the presence of 5 mol% of AlCl3. Reducing the amount of
quinone 1a decreased the yield, while further increasing 1a only
marginally improved the yield (Table 1, Entries 15 and 16).
When the temperature was lowered to 0 °C, the efficiency
signicantly decreased, whereas increasing the temperature to
60 °C maintained an 85% yield (Table 1, Entries 17 and 18).

With the optimized conditions (Table 1, Entry 14) in hand,
the substrate scope was investigated. Broad ranges of quinones
provided various QHEAs in up to 81% isolated yields
(Scheme 2). In addition to alkyl and aryl substituted (3c–g)
quinones, the reaction exhibited good tolerance for groups with
various electronic effects. The quinones substituted with both
electron-donating groups (3h–j) and electron-withdrawing
groups (3k, l) afforded reasonable yields in this system.
Naphthoquinone (3m) could also serve as the reactant with
a high yield. For mono-substituted benzoquinones with
multiple possible reactive positions, only moderate regio-
selectivity was achieved (3n–q), which slightly preferred the para
© 2025 The Author(s). Published by the Royal Society of Chemistry
position of the quinone substituent. Unfortunately, other
carbonyl-containing substrates including pyruvates were unable
to exhibit any reactivity (Scheme S1).

Next, glyoxylates with different ester groups were investi-
gated as reactants. These compounds were typically synthesized
through oxidation of the corresponding tartrates.32,33 However,
due to the relatively high reactivity of glyoxylates, an alternative
approach was implemented in which the glyoxylates were
generated by in situ oxidation of the corresponding tartrate
Chem. Sci., 2025, 16, 20564–20569 | 20565
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Scheme 4 Product scope for QAAEs. aTo a mixture of 1 (2.0 equiv.), 6
(3.0 equiv.), SnCl2 (0.1 equiv.), AlCl3 (0.1 equiv.) and TFA (3.0 equiv.) in
1.0 mL DCE that was pre-stirred for 10 min, 2 (0.2 mmol, 1.0 equiv.)
was added and stirred at 30 °C for 12 h, and then quenched by using
MnO2.

b4 (0.1 mmol, 1.0 equiv.) was mixed with 1.0 equiv. PIDA in 0.5
mL DCE for 1 h, then added to a solution of 1a (1.5 equiv.), 6 (3.0 equiv.),
SnCl2 (0.1 equiv.), AlCl3 (0.1 equiv.) and TFA (3.0 equiv.) in 0.5 mL DCE,
stirred for 12 h, and then quenched by usingMnO2. Isolated yields were
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esters, enabling a “one-pot” reaction. Diisopropyl tartrate 4a
was used as the model reactant to study the conditions
(Table 2). Inorganic oxidants such as periodic acid (H5IO6) and
sodium periodate (NaIO4) failed to afford the desired products
(Table 2, Entries 1 and 2). Increasing the amount of quinone 1a,
as it could also serve as the oxidant, did not work either (Table 2,
Entry 3). On the other hand, phenyliodine diacetate (PIDA) had
been disclosed as a viable oxidant for the cleavage of
tartrates.34,35 Stoichiometry study (Table 2, Entries 4–6) found
that mixing 4a with 1.0 equiv. of PIDA for 1 h, which was then
allowed to react with quinone 1a and the catalyst in the same
ask, was sufficient to afford the product 5a in the highest 97%
yield. The intermediate glyoxylate was conrmed by the crude
NMR spectrum. A smaller amount of PIDA could not convert all
the tartrate 4a, while a larger amount of PIDA inhibited the
reaction likely by consumption of the reductive initiator in the
following step. Likely for the same reason, if tartrate and PIDA
were mixed with quinone altogether instead of stepwise mixing,
no product was observed (Table 2, Entry 7). Note that the stoi-
chiometry of the reaction between tartrate and PIDA is 1 : 1, and
2 equiv. of glyoxylate would be generated aerwards. In order to
avoid ambiguity regarding stoichiometry, the amount of PIDA
was calculated based on the tartrates as 1 equiv., while in the
subsequent redox chain reaction, reagents including the
quinone and catalysts were calculated taking the in situ gener-
ated glyoxylates as 1 equiv.

Investigation of the scope for esters was then possible using
different tartrates as the starting materials (Scheme 3). The
tartrates with primary or secondary alkyl esters (5a–e) furnished
reasonable yields. Unfortunately, tert-butyl ester (5f) only
provided a poor result, probably due to its higher reactivity for
hydrolysis in the presence of Lewis acids.36 Benzyl ester (5g) and
ether bonds (5h) were both tolerated in this system. Chiral
(−)-menthol ester (5i) afforded the product in good yield but low
diastereoselectivity.

The successful synthesis of QHAEs prompted us to investi-
gate QAAEs from the corresponding imines. Since the isolation
and purication of many imines were challenging, a three-
Scheme 3 Product scope for tartrates. aReactions were performed on
a 0.2 mmol scale following standard conditions and procedures. Iso-
lated yields were reported.

reported.

20566 | Chem. Sci., 2025, 16, 20564–20569
component one-pot Mannich-type method37 was established for
in situ generation of imines in the presence of triuoroacetic
acid (TFA). Various QAAEs were successfully synthesized with
this strategy (Scheme 4, see Table S1 also for detailed optimi-
zation of conditions). In general, the stoichiometries of 1 and 6
were increased to 2.0 equiv. and 3.0 equiv. respectively, so as to
promote the conversion of 2 at a reasonable cost. The structure
of the product was conrmed by the single crystal X-ray
diffraction (scXRD) analysis of 7aa (CCDC 2427751). The
product derived from p-toluenesulfonamide (6d) led to a higher
yield than that from tert-butyl carbamate (6a). Notably, the
quinones 1h and 1m would still favour the QHAE products
instead of QAAEs. Monosubstituted quinones usually afforded
only one regioisomer (7od and 7pd) except 7n. Aryl or alkyl
amines38,39 showed no reactivity in this system, nor did Ellman's
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Synthetic applications of QHAEs & QAAEs.
Scheme 6 Control experiments and the proposed plausible
mechanism.
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chiral sulnamide.40 Moreover, this method could be combined
with the oxidation of tartrates to obtain products containing
different esters (8). Similar to the previous strategy, the tartrates
were rst oxidized by PIDA for 1 h to form the glyoxylates in situ,
subsequently reacting with amides, quinones and catalysts to
afford the QAAEs with different ester groups.

To demonstrate the practical potential of the methods, the
reaction was scaled up to 50 mmol between 1a, 2 and 6 under
standard conditions, affording 11.4 g product 7aa in 68% yield,
meanwhile recovering 4.6 g excessive quinone 1a (Scheme 5a).
The product 7aa could be further functionalized by the addition
of thiol (9). The quinone was reduced with sodium dithionite to
prevent possible side reactions during its hydrolysis to amino
acid (10) (Scheme 5b). Both QAAE (12) and QHAE (13) were able
to react with hydrazinium chlorides to afford aryl azo prod-
ucts,41 and the derivative 14 was coupled with N-protected
proline to form a dipeptide 15 (Scheme 5c). Note that this
reaction preferred double acylation at both N and O in the same
molecule even in the presence of excessive 14.

Finally, the mechanism of the redox chain reaction was
investigated by control experiments. The reaction was effec-
tively initiated by using a catalytic amount of hydroquinone
(HQ) 1a0 along with non-reducing Lewis acid SnCl4, while the
efficiency was dramatically decreased without 1a0 (Scheme 6a),
demonstrating that the HQ intermediate was essential in the
redox chain. It was also observed that AlCl3 would act as
a promoter for the SnCl2 reduction of quinones (Scheme 6b). A
plausible mechanism was then proposed taking hydrox-
yalkylation as an example (Scheme 6c). Quinone 1 would rst be
activated by AlCl3, making it more labile towards reduction by
SnCl2. The hydroquinolate complex 18 would immediately react
© 2025 The Author(s). Published by the Royal Society of Chemistry
with the glyoxylates 2 through a Friedel–Cras type reaction.
Then the substituted hydroquinolate complex 19 would be
oxidized to the product 3 by the remaining quinone 1,
concomitantly generating the reduced hydroquinolate complex
18 for the next cycle of the redox chain.
Conclusions

In summary, we have developed a step-economical strategy to
synthesize a-quinonyl-a-hydroxy/amino acid esters through the
redox chain reaction, catalyzed by SnCl2/AlCl3. This method
provided many potential precursors for functional unnatural a-
hydroxy/amino acids.
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H. Ś. Artur, Antimicrobial Properties of Mandelic Acid,
Gallic Acid and their Derivatives, Mini-Rev. Med. Chem.,
2021, 21(17), 2544–2550.

4 C. Egli, M. Min, N. Afzal and R. K. Sivamani, The Hydroxy
Acids: Where Have We Been and What's New?, Dermatol.
Rev., 2023, 4(6), 260–267.

5 G. Wu, Amino Acids: Metabolism, Functions, and Nutrition,
Amino Acids, 2009, 37(1), 1–17.

6 C. T. Walsh, R. V. O'Brien and C. Khosla, Nonproteinogenic
Amino Acid Building Blocks for Nonribosomal Peptide and
Hybrid Polyketide Scaffolds, Angew. Chem., Int. Ed., 2013,
52(28), 7098–7124.

7 K. Lang and J. W. Chin, Cellular Incorporation of Unnatural
Amino Acids and Bioorthogonal Labeling of Proteins, Chem.
Rev., 2014, 114(9), 4764–4806.

8 C. D. Spicer and B. G. Davis, Selective Chemical Protein
Modication, Nat. Commun., 2014, 5(1), 4740.

9 J. C. Watkins and G. L. Collingridge, Phenylglycine
derivatives as antagonists of metabotropic glutamate
receptors, Trends Pharmacol. Sci., 1994, 15(9), 333–342.

10 M. A. T. Blaskovich, Unusual Amino Acids in Medicinal
Chemistry, J. Med. Chem., 2016, 59(24), 10807–10836.

11 T. Narancic, S. A. Almahboub and K. E. O'Connor, Unnatural
Amino Acids: Production and Biotechnological Potential,
World J. Microbiol. Biotechnol., 2019, 35(4), 67.

12 H. H. Ong, C. R. Creveling and J. W. Daly, Synthesis of 2,4,5-
Trihydroxyphenylalanine (6-Hydroxydopa). A Centrally
Active Norepinephrine-depleting Agent, J. Med. Chem.,
1969, 12(3), 458–461.

13 F. G. H. Lee, D. E. Dickson and A. A. Manian, Modied
Syntheses of 2,4,5-Trihydroxyphenylalanine, 2,4,5-
Trihydroxyphenethylamine, and Analogs, J. Med. Chem.,
1971, 14(3), 266–268.

14 G. A. Swan, Studies Related to the Chemistry of Melanins.
Part XIV. The Alleged Formation of a p-Quinonoid
20568 | Chem. Sci., 2025, 16, 20564–20569
Aminochrome by Oxidation of 2,4,5-
Trihydroxyphenethylamine, J. Chem. Soc., Perkin Trans. 1,
1976, (3), 339–341.

15 G. Lenaz, R. Fato, G. Formiggini and M. L. Genova, The role
of Coenzyme Q in mitochondrial electron transport,
Mitochondrion, 2007, 7, S8–S33.

16 E. A. Hillard, F. C. de Abreu, D. C. M. Ferreira, G. Jaouen,
M. O. F. Goulart and C. Amatore, Electrochemical
parameters and techniques in drug development, with an
emphasis on quinones and related compounds, Chem.
Commun., 2008, (23), 2612–2628.

17 O. P. S. Patel, R. M. Beteck and L. J. Legoabe, Antimalarial
application of quinones: A recent update, Eur. J. Med.
Chem., 2021, 210, 113084.

18 M. V. C. Nguyen, B. Lardy, F. Rousset, F. Hazane-Puch,
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